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EXECUTI VE SUWARY

Environnental regulations are notoriously difficult to
assess. Both the unregul ated environmental assault and the
protective regulation involve conplicated scientific and economc
relationships that make it difficult for the regulator to
determ ne the overall effects of any intervention. Benefit-cost
analysis is one useful tool devel oped by econom sts to assess the
overall attractiveness of public programs. Al though benefit-cost
anal ysis cannot reduce the conplexity of the scientific matters,
the franework permts the analyst to put themin perspective.

The U.S. Environmental Protection Agency (EPA) now perforns
benefit-cost analysis on its mjor regulations, both for internal
pur poses and because of the requirenents of Executive O der
12291. Although the EPA has devel oped sophisticated
met hodol ogies, there is a continuing need for research to inprove
the enmpirical and nethodol ogi cal foundations for these benefit-
cost anal yses, particularly for the regulations involving toxic
pol lutants. The public has only recently become aware of toxic
pollutants and the potential health and ecol ogi cal dangers they
pose. As a result, the benefits of controlling toxics typically
involve a great deal of uncertainty.

The purpose of this study is to develop inproved nethods for
carrying out benefit-cost anal yses of individual environnental
regul ations. Because the range of potential research topics is
broad -- indeed, the EPA has an extensive and integrated research

program of which this study is one part -- we have chosen to



focus on the benefits of controlling toxic pollutants. Thus, we
do not address the methodol ogical issues associated with
estimating the costs of regulations. The choice to focus on
toxic pollutants was partly the result of the research support
our project received within the EPA and partly the result of our
belief that issues of controlling toxic pollutants had been
studied less than the conventional air and water pollutants and
that these pollutants would become increasingly inportant to the
EPA in the years ahead.

Al though this is a nethodol ogi cal study, we make extensive
use of case studies of individual pollutants. Using actua
exanples is the nost productive means of integrating theory and
empirical issues. However, these case studies are not designed
to be policy analyses. Qur mmjor objective is not to endorse
specific policy choices or comrent on regulatory alternatives.

I ndeed, since the data underlying the case studies have
undoubt edl y changed since we conpleted our enpirical studies, we
caution the reader about using the results reported in this study
to make his or her own judgnents.

The study is organized around four general topics. Like the
overal | study, these topics are a conmbination of conceptual and
empirical issues. The first topic concerns the use of
alternative nmethodol ogies to assess regulatory benefits. W use
the case of controlling hazardous waste at landfill sites in
Massachusetts to provide an enpirical context for our conparison

of nethodol ogi es.
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The second topic is the use of benefit methodol ogies to
assess ecological hazards. Mst of the concern for toxic
pol lutants focuses on health hazards, particularly cancer. But
many citizens and regulators worry about the |ong-term and
pervasive changes that toxic pollutants m ght cause to
ecosystems.  Since the scientific issues are even nore unsettl|ed
inthis area than in the health effects area, the enpirica
conponent of this section is |less devel oped than in the other
sections.

The third topic is the use of benefit information to inprove
the cost-effectiveness of individual regulations. One key
met hodol ogi cal issue in benefit-cost analysis is how to assess
regul atory alternatives, which typically involve trade-offs
bet ween benefits, costs, or other distributional inpacts. In the
third section we discuss the nmore narrow topic of using
information on benefits to design nore cost-effective
regul ations. Although this section is closest to policy
analysis, we stop short of recomending specific policies and
focus on the nethodol ogi cal considerations in using benefit
I nformation

The fourth and final topic concerns the strategies for

dealing wtih uncertainties in the benefits of toxic regulations.

As mentioned, these uncertainties pervade toxics control. In the
other sections, we include sensitivity analyses to illustrate the
i nplications of uncertainty. In this final section, we focus on

the use of decision-analytic nethodol ogies to guide EPA in
deciding whether to collect additional information on contro

benefits.



The remainder of this Executive Summary provides brief
sunmaries of the results and conclusions of the Study, organized

around the four topics discussed above.

Benefit Methodol ogies Applied to Hazardous Waste C eanup

The wi despread presence of hazardous waste disposal sites is
wi dely recogni zed as one of the npst pressing environnental
probl ems of this decade. Hundreds of such sites have been
identified throughout the U.S., and billions of dollars have been
budgeted for cleanup. Yet virtually no studies have investigated
the benefits of cleanup, Iet alone determned which benefit
assessment net hodol ogi es to enpl oy.

This part of the report evaluates three nethodol ogica
approaches for assessing the benefits of cleaning up hazardous
waste sites. The first approach is based upon housing price
differences. Specifically, we enploy statistical techniques to
determ ne households' inplicit willingness to pay to locate
further from hazardous waste sites. The enpirical results are
based upon housing transactions for single famly detached
residences in the nmetropolitan Boston area. The benefits of
cleaning up a site depend upon the population density near the
site, the prices of the hones near the site, and the
characteristics of the site itself. To illustrate the
application of the statistical results, we estimate the
wi I lingness to pay for the cleanup of three sites in the Boston
area: in 1980 dollars, these benefits estimates range from $3.6
to $17.4 mllion.

Vi



The second approach is based upon scientific risk
assessnent. W estimate the expected increase in the risk of
cancer to those affected by toxic discharges froma landfill site
In Massachusetts. To facilitate conparisions across
met hodol ogies, this site is one of the three sites evaluated in
the housing val ue approach. The risk assessnent approach was
based upon two scenarios concerning the length of time that
chemcals contam nated the water supply of the town in which the
landfill is located: (1) exposure for ten years, at which tine
the contamnation is discovered and the wells are closed: and (2)
exposure for 70 years, or the entire expected life of the
chemcal facility and its contam nation of the town wells, on the
assunption that the contamnation is not discovered. Several
estimates of toxic concentrations and of risk factors are used to
predict risk. Qur estimates indicate one expected
("statistical") fatality or |ess would have been prevented in the
ten year case. For 70 years of operation and exposure, the
predictions range fromless than one to about 90 expected
fatalities prevented; about half the predictions are greater than
ten fatalities and half are less. [If one assumes a range of
$330,000 to $2.5 mllion per statistical death prevented, the
medi an benefit estimate for preventing ten years of exposure is
several hundred thousand dollars, and the nmedian estimated val ue
of preventing 70 years of exposure is several mllion dollars.

The third nethodol ogi cal approach is based upon the case in
which contamnation is discovered. \Wen hazardous wastes

contamnate water supplies, individuals and government bodies nay
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act to avert the consequences. Such actions include buying
bottled water, switching to another source of water, filtering

contam nates out of the water, or even cleaning the contam nated

aquifer. If they are undertaken, the costs of these actions --
the averting costs -- can be used as a measure of the benefits of
I nproved hazardous waste disposal. This averting cost approach

has not been used a great deal for air or water pollutants
because there are few opportunities for averting actions;
househol ds sinply nust bear damages from environment al
contamnation. But averting costs are likely to be a nore

I nportant conponent for hazardous waste because of the many
opportunities to avoid the health risks of drinking contam nated
water. Using the same site as in the housing value and risk
assessment approaches, we estimated the dollar costs that would
be saved if contamnation had not occurred. W distinguish
between total costs and costs that can be interpreted as the
affected residents' willingness to pay to prevent the
contamnation. Qur most likely estimate is that society will pay
a total of approximately $1.7 mllion as a result of the

contam nation, $1.3 mllion of which reflects residents'
willingness to pay. These enpirical results are based on the
actions that public agencies took to close contam nated wells,
obtain alternative water supplies, and clean up the

contam nation. The benefit estimtes do not include costs that

I ndividuals mght have incurred in buying bottled water or

otherwi se averting the damages of the contam nation

Vil



Benefit Methodol ogies Applied to Ecoloqical Hazards from Toxic
Substances

Assessing the ecol ogical benefits of controlling toxic
pol lutants raises a set of methodol ogical issues. There are a
variety of potential benefits that arise from preventing injury
to plant and non-human species. The two parts of our study of
ecol ogi cal effects deal with the nethodol ogical and enpirica
I ssues involved in assessing these benefits. In the
met hodol ogi cal study, we evaluate the alternative bases for
econom ¢ evaluations of toxic effects on natural popul ations,
discuss the applicability of specific nethodol ogi es, consider the
pecul iar effects of the dynamcs of natural popul ations, and
anal yze the framework for obtaining enpirical results. This part
of the study lays out issues rather than comng to specific
met hodol ogi cal concl usi ons.

The second part focuses on the use of qualitative nodeling
of ecosystens to assess the ecol ogical benefits of controlling
toxics, using pesticide regulation as a case study. This part of
the study shows how the qualitative nodeling nethodol ogy can be
useful both in assessing the value of alternatives for additiona
scientific testing and in regulating ecological risks. Although
the system and nunbers used to denonstrate the methodol ogy are
hypot hetical and considerably sinmplified, this part of the study
does |l ead to sone specific conclusions. For exanple, we conclude
that prior qualitative analysis can provide considerable guidance
as to the kinds of quantitative information about species
interactions that would be helpful for regulatory decision

making. Despite these conclusions, however, it is clear that



nmore enpirical research is required to assess the nethodol ogi ca
advant ages and di sadvantages of the use of qualitative ecosystem

model i ng.

Use of Benefit Information to Inprove Individual Regulations

Benefit-cost analysis is often viewed as a sunmary
statement, assessing the overall benefits and costs of a set
policy. In this part of the study, we evaluate the
met hodol ogi cal issues in using benefit-cost analysis as a
technique for identifying regulatory alternatives. Specifically,
we discuss the use of information on the benefits of control to
design regulatory alternatives. This part of the study consists
of three related studies.

The first report uses the exanple of hazardous air
pol lutants to lay out the methodol ogical and enpirical issues
surrounding the use of benefit information in environmental
regulation. Information on three pollutants is used to provide a
rich illustration of the advantages of evaluating benefits
explicitly and the enpirical consequences of using alternative
regul atory approaches. This information also permts us to
eval uate the major uncertainties surrounding benefit estimtes
and to assess how robust the conclusions are when plausible.
alternative paraneter values are used.

The second report extends the first to evaluate the
useful ness of benefit information in a variety of environmenta
contexts. The key elenent is the tailoring of nationa
regul ations to the circumstances of individual situations,

recogni zing that case by case regulation is inpossible. Thus, we
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devel op the case for increasing the flexibility of regulations

wi thout giving up the advantages of centralized regulatory
authority. W discuss a variety of methodol ogical issues,
including the practical issues of obtaining such detailed
information, the distributional inplications of such an approach,
and the problems and opportunities of conbining benefit and cost
information in this context.

The third report focuses on a specific type of benefit
information and its use in regulatory situations. In particular,
we evaluate the use of information on the convexity of the damage
function (i.e., the relationship between incremental damages and
increasing levels of pollution) to establish regulatory
priorities and set regulations. This part of the study first
| ays out the general issues surrounding the use of partia
information on benefits before illustrating the use that can be
made of information that the damage function is non-convex --
that is, that the damages from pollution rise with a decreasing
rate as concentrations increase. This case is different than the
standard view of the environnental damage function. This partia
information on benefits can therefore be of considerable value to
anal ysts and regul ators, even if precise quantitative information

I's not avail able.

Strategies for Dealing with Uncertainty in Individual Requl ations

Coping with uncertainty is a conmon theme of the entire
study. This part of the study focuses on uncertainty and the

val ue of reducing uncertainty concerning the benefits of

X



controls. Three reports provide both an overview of the
I nportance of uncertainty and a detailed case study.

The first study overviews the scientific uncertainties in
benefit estimation of toxic substances. This part of the study
IS necessary to provide a systematic evaluation of the najor
uncertainties involved in the risk assessment process -- the key
scientific process involved in benefit assessment -- and in the
final estimates of health risks from toxics. The report proceeds
by breaking down the assessment process into sinple conponents,
eval uating the uncertainties in each step, and conbining the
uncertainties.

The second report illustrates how uncertainties in risk
assessment lead to increased expected costs of environnenta
regulation. This report also uses a case study of toxic air
pollution to denonstrate that if the magnitude of the uncertainty
IS known, it may be possible to estimate the value of efforts to
reduce uncertainty.

The third and final report in this part focuses on one neans
of acquiring information -- obtaining information under Section
8(a) of the Toxic Substances Control Act. W use a decision-
anal ytic perspective to evaluate the value of this infornmation,
using a specific toxic substance as the basis for the enpirical
estimates. Al though our general conclusion is not surprising --
we conclude that the decision-analytic perspective can be a very
hel pful complenent to a standard benefit-cost framework -- the
case study provides inportant insights into the nethodol ogica
I ssues that are encountered in actually applying that perspective

i n individual regulations.
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Future Wrk
Qur study provides a nunber of insights into the

nmet hodol ogi cal and enpirical issues of benefit-cost analysis.
Neverthel ess, nost of the studies raise as many issues as they
answer, a trait common to nost research projects. W discuss

these areas for future work in the individual studies.
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PART 1

USI NG THE HEDONI C HOUSI NG VALUE METHOD TO ESTI MATE
THE BENEFI TS OF HAZARDQUS WASTE CLEANUP

David Harrison, Jr.
Janmes H. Stock

. 1 NTRODUCTI ON

Since the classic paper by Ridker and Henning (1967), the
hedoni ¢ housing price approach has been an inportant tool used by
econom sts to estimate the benefits of public projects. The
great strength of the approach is its use of actual decisions by
house purchasers to infer the value placed on public goods such
as cleaner air or better schools. Since houses differ in their
access to better schools or cleaner air, the market prices
established for individual houses should reflect the amount of
the "good" (or bad) associated with each house as well as the
dol lar valuation that |ocal residents place on the anount. These
dollar valuations can in turn be used to estimte the val ue that
househol ds woul d place on changes in the anount of public goods,
I.e., better schools or inproved air quality.

The hedoni ¢ housing price nethodology is currently at a
crossroads. The enthusiasm for its use follow ng Ri dker and
Henning and an influential paper by Rosen (1974) has given way
recently to skepticismabout the ability to obtain estimtes of
wi I lingness to pay from housing transactions. Rosen proposed a
two-step process in which the first step is to estinmate a

nonl i near hedonic price function using housing price and housing



nonl i near hedonic price function using housing price and housing
attribute data. This function constitutes the price surface
facing hone purchasers. In the second step, the derivatives from
t he hedonic function are used along with househol d
characteristics of the home purchasers to estimate a w llingness
to pay function based upon the first order conditions fromthe
honeowner's maxim zation problem Using this willingness to pay
function -- which is equivalent to having a utility function for
housing attributes -- econom sts estimated the benefits of non-
mar gi nal changes in public goods such as school quality, air
quality, or noise levels. 1 However, recently Brown and Rosen
(1982) pointed out unresolved difficulties in identifying the
paranmeters of the willingness to pay function. They showed t hat
Wi t hout sonme identifying restrictions the second step m ght
sinply recreate the hedonic price function. They suggested
either using a priori judgnents about the relative nonlinearity
of the two functions or pooling data from several cities whose
conbi ned price surfaces could trace out the willingness to pay
function. Al though several studies have attenpted to overcone
these difficulties, none is conpletely satisfactory. 2

A second major difficulty with the Rosen procedure rel ates
to general equilibriumeffects. If the changes in the public
good (such as air quality) are large, for sone units, then in
general sonme homeowners will be tenpted to nove. In this case,
the conpensating variations conputed from the preferences
estimated in the second stage of the Rosen procedure wll

understate the dollar benefits of the public good inprovenent.



Furthernore, if the changes in the public good are w despread,
many homeowners will nove, and these novenents will alter the
hedonic price structure itself. As a result of these and other
difficulties with the hedonic approach (see Brown 1982),

econom sts are turning to other techniques -- such as the survey
approach -- to estimate the benefits of public goods. 3

These difficulties with the hedonic housing price have,
however, obscured the possibility of using the technique in
situations where the two major difficulties do not arise. In
particular, the technique can be used w thout these two
difficulties for local -- rather than area-w de -- public goods
changes. Al though a |ocal change may be nonmarginal and thus
change | ocal housing prices enough to induce noves in the
nei ghborhood, if the project is small with respect to the entire
metropolitan area these changes will not alter the area-w de
hedoni ¢ housing price function. As a result, the general
equilibrium (i.e., noving) effect of the change can be captured
sinmply by conparing housing prices before and after the project
using prices generated by the "first step" hedonic housing price
equation. There is no need for a second step and thus no issue
of identifying the willingness to pay function from the housing
price function.

A major purpose of this paper is to illustrate the
applicability of the hedonic technique to a public good that fits
the category of providing a nonmarginal but |ocalized benefit --
the cleanup of a single hazardous waste site. W use data from
the Boston urban area to estimate a hedoni c housing price

function that includes measures of the risks posed by the el even



hazardous waste sites in the area. Although air quality policies
-- which have been the traditional target of hedonic anal yses --
tend to affect air quality throughout the urban area, and thus
this technique would not apply, the cleanup of a single hazardous
waste site would affect only a fraction of the housing units in
the area. We can thus use the hedonic housing price equation
directly to estimate the benefits of cleanup by predicting the
resul ting change in housing prices.

We use hazardous waste as an illustration of the approach
not sinply because it fits the category of a localized public
good. Neighbors of sites containing hazardous wastes are
concerned about the health and other risks posed by inproper
di sposal, and the government has responded by devel opi ng prograns
to clean up existing sites (the Superfund program and to
regul ate the disposal of future wastes. However, the costs of
these prograns are enornous; the U S. Congress has recently
passed | egislation authorizing $6.4 billion for the Superfund
cl eanup program Despite these large expenditures, there are
currently few estimates of the dollar benefits of controls
(Desvousges and Smith, 1983) Information on the dollar benefits
of cleanup will help regulators to focus control efforts where
they produce the greatest benefits. Thus, the second major
objective of this paper is to provide reliable estimtes of the
benefits of cleaning up hazardous waste sites using the hedonic

housi ng price approach.
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The paper is organized as follows. In the next section, the
model of individual behavior that underlies the subsequent
enpirical work is presented, Section IIl describes the data set
and econoretric strategy we use. The primary enpirical results,
presented in Section IV, are estimates of the cleanup of severa
hazardous waste sites in the Boston metropolitan area. W
present estimates for nore than one site to illustrate the
variation in benefits depending upon the characteristics of the
site and the nunber and characteristics of neighboring housing
units. We also provide information on the sensitivity of the
benefit estimates to alternative specifications of the hedonic
housing price equation. Section IV sunmarizes the conclusions
of the study and comments on the relationship of these benefit
estinmates to those obtainable from other benefit estimation

t echni ques.
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[1. CONCEPTUAL BACKGROUND

The basic rationale for the property val ue approach is that
purchasers take into account the level of public goods associ ated
wi th houses in making their choice. As a result, the nmarket
val uation of these public goods w !l be enbedded in the hedonic
price function facing home buyers. The purpose of this section
Is to develop a formal nodel of consuner behavior that describes
how the characteristics of hazardous waste sites enter the
hedonic price function. The next section builds on this general
background to identify a specific enpirical strategy for
estimating a hedonic housing price equation and cal cul ating the
benefits of cleaning up a hazardous waste site using the data we
devel oped for the Boston housing nmarket.

The | osses nearby residents mght experience froma
hazardous waste site can be separated into two categories --
aesthetic problens and health problens. Industrial sites m ght
cause unsightly visual inmpacts, noise, traffic or odor. However
these effects are largely independent of whether wastes are
hazardous or not. The health risks due to hazardous waste
include the risks of drinking contam nated groundwater, breathing
contamnated air, comng in contact with contamnated soil, and
having an explosion or fire at the site. Because these health
risks are critical and because uncertainty is so inportant, it is
useful to formulate the nodel in terns of consumer choice under

uncertainty.
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We assunme that each household seeks to maxim ze expected
utility. The commodities available to the household are z, a
vector of non-waste housing attributes, and w, a vector of
housing attributes associated with |ocal waste disposal sites,
and x, a conposite of all other goods and services with unit
price. The aesthetic characteristics of waste sites are
represented as A(W. The household' s utility, including its
val uation of conmodities, will depend upon the state of health of
the household menbers. To sinplify the presentation, we consider
two states of health, well and unwell. Thus, the state-dependent

household utility can be represented as,

Ug(x,2,A(W)) it well
U= . (1)
Uy (x,2,A(W)) i f unwel |
We assune that the subjective probability of becoming ill as a

result of exposure to toxic pollutants from a hazardous waste
facility is g, which is a function of w, the waste attributes.
The hedoni ¢ housing price function, p(z,w) translates the vectors
of nonwaste and waste housing attributes at each location into a
rental price that influences the decisions of both suppliers and
demanders of housing attributes. |f we denote the household's
incone as y,then the total expenditures are the value of
nonhousi ng purchases, x, and p(z,w), or y = x + p(z,w). The

house purchaser's decision is the follow ng:
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Maxi m ze
EU(X,z,w) = g(w) Uy (x,z,A(w)) + (1-q(w)Ug(x,z, A(W)) (2a)

subj ect to the constraint,
y =x +p(z,w (2b)

Inplicit in this formulation are the follow ng inportant
assunptions: 4

(1) Al consumers accurately perceive the characteristics

represented by the vectors z and w at each location

(2) There is sufficient variation in z and w so that the

function p(z,w) is continuous, with continuous first
partial derivatives.

(3) The market is in equilibrium

(4) Spatial variations in housing characteristics

(including hazardous waste aesthetic and health-
related effects) are capitalized into differentials in
housing prices.

G ven these assunptions, we can generate the formof the
hedoni ¢ housing price function that is consistent with
househol ds' first order conditions for utility maximzation. I|f
we et Uy, denote the partial derivative of u, with respect to x,
and simlarly for the other variables, the resulting
relationships for the nonwaste and waste variables are the

fol | ow ng:

h =[UOZ][1 + q((Ulz - UOz)/UOz)] (3a)
? Upxd L1 + al(Uyx - Ugx)/Upy)
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U 1 + g((Uqy., = Upy) + Qu((Uy = Up)/Uny)
h =l: Ow“: 1w Ow w 1 0 Ow] (3b)

N Uox 1 + g ((Uyy = Ugg)/Ugy)

This expected utility framework generates a different
fornul ation of the hedonic housing price function than the
conventional treatnent (see, e.g., Rosen 1976 or Quigley 1982)
because of the terns depending upon the subjective probability,
q(w). However, the fornulation above can be viewed as a nore
general nodel in which the standard utility maximzation result
Is a special case. |If the subjective probability of being
exposed to hazardous waste and consequently falling ill is zero,
then the conditions in equations (3a) and (3b) reduce to the
sinple condition that, at the optimum the amount paid for an
additional unit of the goods z or wis just the nmarginal rate of
substitution between these goods and the conposite comodity X.

Al though the fornulations with the probability q and its
derivative conplicate the nodel, the fornmulation can be
sinplified if we assume plausibly that the state of health enters
additively in the utility function. Consider first equation
(3a), the relationship for the nonwaste variables. The anmount of
the nonwaste attributes "purchased" (e.g., number of bedroons)
wi Il in general depend upon the relative change in margina
utilities of the attribute and the conposite good between the
well and unwel| states. But if the state of health enters
additively, the marginal utilities will be the same in both the
wel | and unwel| states, and thus equation (3a) will reduce to a
sinmple relationship in which the "prices" of nonwaste housing

attributes are proportional to their marginal utilities. But
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even in this case, equation (3b) would differ: the marginal rate
of substitution between the waste vector, w and x woul d increase
by an anount equal to one plus the marginal probability of

i1l ness due to an additional unit of w, tinmes the decrease in
utility frombecomng ill, divided by the marginal utility of Xx.
Thus, the value placed on the w vector in the hedonic house price
function wll depend upon perceptions of the |inkages of wwth
ilIness and the disutility of becom ng ill.3

It would be possible in principle to derive a specific
hedoni ¢ housing price function from an assuned formfor the
probabilities, the first order conditions, the preferences and
i ncones of househol ds, and an assunption of a fixed supply of
housing units. ®  However, this approach has proved to be
intractable to enpirical inplenentation under realistic
speci fications of preferences and popul ati on characteristics, and
we do not pursue it in this paper. Instead, in the follow ng
section we use the fornmulation in equations (3a) and (3b) to
devel op a plausible (as opposed to an exact) specification for an
hedonic price function that includes both the aesthetic and
health risk aspects of hazardous waste sites.

As nentioned in the introduction, we focus on |localized
cleanup efforts in this paper. As a result, we can use the
hedoni ¢ housing price function to estimate willingness to pay in
general equilibrium i.e., when households are assunmed to nove in
response to the cleanup. The theoretical rationale for this
calculation is based upon the "small open city" nodel devel oped
by Polinsky, Rubinfeld, and Shavell in a series of papers.’ If

the city is "open" -- i.e. there is perfect mgration between it
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and other areas -- there will be a conmon level of utility

t hroughout the system If the city is "snmall," this |level of
utility may be treated as exogenous. To obtain the constant
utility, the rent of each house nust reflect the valuation each
househol d places on |ocal anenities, including the perceived

ri sks from hazardous waste sites. 8 Thus, the equilibrium hedonic
housing price function can be used to conmpute the new housing
price followng a change in public goods or anenities, and this
price change is an accurate nmeasure of the benefits of the change
in public goods. As Freeman concludes, "The benefits of the
change actually accrue to |land owners; and the increase in |and
rents is a conpensating variation neasure of these benefits
(Freeman, 1979, p. 16). Polinsky and Shavell (1976) point out
that these conclusions may be applied to a "small" nei ghborhood
in a single "large" urban area, which is the case we consider.

“If there is perfect nmobility throughout the urban area, then
anenity changes in the nei ghborhood can be analyzed as in the
smal | -open city nodel" (Polinsky and Shavell, 1976, p. 129). As
aresult, the coefficients on hazardous waste variables in a
hedoni ¢ housing price equation can be used to predict the

benefits of cleaning up a single waste site.
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I'1'l. DATA AND EMPI RI CAL STRATEGY

Dat a
This study uses data for 2,182 individual housing

transactions in the Boston urban area (excluding the city of
Boston) from Novenber 1977 to March 1981.%2 Most of the
transactions occurred in 1979 and 1980. Follow ng the exanple of
most studies of this kind, we focus on the market for single
famly hones. The dependent variable in the hedonic housing
price equation is an actual selling price (in 1980 dollars)
rather than rent or census tract average. The independent
variables include 14 structural attribute variables, four
enpl oyment accessibility variables, and four neighborhood
variables. The data set is described in detail in Appendix A
Crucial to our study was the devel opnent of a detailed data
base on hazardous waste disposal sites in the Boston urban area.
The Boston area was chosen as the locus for the study largely
because of the availability of detailed information on waste
sites, both hazardous and nonhazardous. |In 1981, the
Massachusetts Department of Environmental Quality Engineering
(DEQE) published a detailed listing of 367 waste sites in the
state. Using information contained in this docunent,
suppl emented by detailed investigations of the DEQE files, we
identified 11 sites that contained hazardous material. Figure 1

shows the location of the sites and Table lists their areas and
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Table 1. Hazardous Waste Sites in the Boston
SMBA Identified Before 1982
Site Name Town Aﬁgagxip‘rrrgge DiDgE:gngy
(acres)
WR Gace Conpany Act on 400 Dec. 1978
Nyanza, Inc. Ashl and 30 1967
BSAF I ndustries Bedf or d 5 May 1978
Benzenoi d Organics Bel I i ngham 4 Cct. 1980
WR G ace Conpany Canbri dge 10 Mar. 1979
I ndian Line Farm Cant on 25 Dec. 1980
Marty's GVC Ki ngst on 1 Apr. 1980
Sal em Acres, Inc. Sal em 180 Sept. 1980
Agrico Weynout h 10 May 1980
I ndustriplex 128 Wobur n 300 June 1979
Wlls G and H Woburn 200 (plume Sept. 1979
005 (wells)
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the dates on which the presence of hazardous material were
verified by Massachusetts officials. Mst of the hazardous sites
are on-site lagoons used to store process wastes. For exanple,
the Acton site is owned by a chemcal conpany that maintained
three lagoons to handle the wastes fromtheir operations. The
site is identified as hazardous because the |agoons contain a
variety of hal ogenated and aromatic organic conmpounds that are
listed as toxic under the Resource Conservation and Recovery Act
(RCRA). The other ten sites contained hazardous material judged
to be equivalent in toxicity to the Acton wastes by the rating
scheme used for the Superfund.

To distinguish the disanmenity effects of living near a waste
site fromthe health risk effects of the confirmed nearby
presence of hazardous material, we identified 41 non-hazardous
industrial sites that stored wastes on-site and 49 commercial and
muni ci pal landfills in the Boston netropolitan area. The
Industrial sites are simlar to the hazardous sites except in the
conposition of the wastes and thus represent a good approxi mation
to a site after cleanup; after cleanup, the industrial character
woul d remain but no hazardous naterial would be present.

These data allowed us to develop variables to proxy the
subj ective probability of exposure to hazardous material for each
house in our sanple. As nentioned above, exposure mght cone
about through drinking contam nated water, breathing contam nated
air, comng in contact with contam nated soil, or experiencing
the results of an explosion or fire at the site. The variables
we constructed are suggested by a very sinple physical nodel of

exposure: given uniform dispersion through a honogeneous three
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di mensi onal medium the concentration of contam nants at any
point wll decline with the inverse of the square of the distance
fromthe source to that point. Thus, if the mass of the kth of
k chemcals at the jth of 11 sites is My and if d5is the
distance fromsite j, subjective probabilities of illness m ght
be proxied by,

;1 M 3d32, k=1,...,K

j=1 393

Since neither public authorities nor the house purchasing public
knows the masses of each chemcal at the 11 sites, this
formul ati on cannot be used directly. Instead, we assune that
Ssite area is a reasonable proxy for the volume of chemcals at
the site. Since the 11 sites contain roughly equally dangerous
chemcals, we can thus nodel subjective probabilities as
dependi ng upon the inverse square of the distance to each site,
and upon the inverse square of distance weighted by the area of

the site:10

11
RISK1 = = dgz (5a)
j=1
11
RISK2 = I  Areayd;? (5h)
|
j=1
To control for the aesthetic effects of waste sites -- which

woul d not be elimnated if the site were cleaned up -- we
cal cul ated the number of sites (hazardous, industrial, and
landfills) within various distance annuli fromthe house. The

coefficients on these SITES variables shoul d be negati ve,
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reflecting the negative aesthetic effects of industrial sites.

In addition, we used equivalent variables for the hazardous waste
sites to calculate sem paranetric estimtes of the influence of

di stance on housing prices (see bel ow).

Estinmation Strateqy

The estimation strategy in this paper is directed toward
producing estimates of the expected value and variance of the
benefits of cleaning up a single hazardous waste site. W first
estimate a hedonic housing price equation using a specification
based upon previous studies and additional a priori
consi derations. The average willingness to pay to clean up a
site is estimated by reclassifying the site as "industrial" and
calculating the price of each housing unit in the sample. As
di scussed in Section Il, the difference between the predicted
price of the house before and after the cleanup provides an
estimate of the benefit to the househol d.

To obtain estimates of the total benefits of cleaning up a
site, it is necessary to aggregate the benefits across housing
units. Since some towns are oversanpled in our data base, we
calculate a weighted average. The weights for each town, z;, are
based upon the ratio of the nunber of single famly detached
houses in the town, as reported in the 1980 Census of Housing, to

t he nunber of observations in the town. Defining ﬁi and 5; as
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the predicted prices of house i before and after the cleanup, our
estimate of the average benefits of cleaning up the site (B) is:

~

n
B=n1 I oz, @] -2y (6)

Under standard assunptions, this estimator will be asynptotically
normal. W calculated the total benefits of the site using B and
an estimate of the total number of households in the Boston
suburban area.

W approximate the variance of B using standard asynptotic
techniques. Let x; present the vector of independent (possibly
transformed) variables for the ith observation, and let xi denote
this vector after the sinulated cleanup. In the hedonic housing
price equations reported below, we use the natural |ogarithm of
house price as the dependent variable and estimate price surfaces
linear in X Thus, the variance of the asynptotic distribution of

the estimator of B is:

*
n X:B X.:B '
v =[n'1 131 zi(e . X; - e * Xl):l (7)
*
n XiB X:B
var (B) [n—liilzi(e Y- e lxiﬂ

A

where g is the vector of true regression coefficients, gis its
estimator, var(g) is the covariance matrix of g, and where '
denotes vector transposition. The variance V can be estimted by
replacing var(g) by its estimator and replacing exp(x’i‘s) and

exp(X;8) by the predicted prices, 5; and ﬁi, respectively.
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V. RESULTS

In this section, we present estimates of the benefits of
cleaning up specific hazardous waste sites. |n particular, we
consider the benefits of cleaning up three sites that differ in
their size and the density and incone profile of their neighbors.
W also present results showing the relationship between
willingness to pay and distance fromthe site obtained froma
nonparametric estimtion procedure.

Fol | owi ng previous research, we estinmated equations with |og
price as the dependent variable.ll The basic equation used to
estimate benefits included three features based upon a priori
considerations. First, despite the large nunber of housing
attributes in our data set, many neighborhood characteristics are
omtted. To account for the characteristics common to each town,
we included town dunmes in the equation. Second, because the
observations covered a five year period during which interest
rates and other comon influences on housing prices varied
w dely, we included dunmes for the quarter in which the sale
occurred. These two corrections constitute a fixed effects nodel
controlling for town and time effects. Finally, it is often
assuned that environnental anenities are a luxury good; if so,
the price of houses having such amenities will be bid up by those
best able to afford them In equilibrium then, the nearby
presence of a hazardous waste site mght interact nonlinearly
with the house price itself. To account for such a relationshinp,
we included interaction terns in which the two hazardous waste
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variables (RISKL and RISK2) were nmultiplied by a predicted price
obtained froman initial regression. W anticipated that the
Interaction termwould be negative to reflect an increasing
mar gi nal value of waste cleanup as predicted house price rises. 12

The basic equation results are given as nodel (1) in
Appendix B. In general, the coefficients conformto our a priori
expectations about the influence of each variable on housing
price. The structural variables all have the expected sign and
are statistically significant. The nei ghborhood variables also
performed well. The accessibility variables have the expected
signs (wth the exception of EMP2), although the individual terms
are not statistically significant.

Wth regard to the waste variables, the SITES variables are
all positive rather than negative as expected, although none is
statistically significant. The nost plausible explanation for
the positive signs is that proximty to waste sites proxies
| ocal accessibility advantages that are not accounted for by our
area-w de accessibility measures. Although industrial and
muni ci pal waste sites no doubt create disanenities as we
hypot hesi ze, they also represent inportant industrial and
commercial centers within a town or region. Apparently the
advantages of proximty overwhel mthe aesthetic disadvantages.

The results for the RISK terns suggest, however, that the
housi ng market does reflect the negative effects of proximty to
hazardous waste sites. The interaction terns are negative,
suggesting that as expected the adverse effects of living near a

hazardous waste site forma relatively larger conponent of the
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price of expensive hones. However, the conplicated
specification of the hazardous waste variables nmakes it difficult
to interpret the coefficients directly. Instead, Figure 2
sumarizes the results inplied by the basic equation. The graphs
shows the willingness to pay for the cleanup of a hypothetical
30 acre site as a function of the distance fromthe site and the
ex ante housing price. WIIlingness to pay increases both for
houses closer to the site and for nore expensive houses. For
exanple, for a $100,000 house, the willingness to pay for cleanup
of a site 1.5 niles away is $1,600; if the site is only one-half
mle away the estimated willingness to pay junps to $13,500. The
variation is also great across house prices: For a 30 acre site
one mle away, the estimated willingness to pay ranges from
$1,060 for a $60,000 house to $5,020 for a $120,000 house.

Table 2 presents the estimates of the benefit of cleaning up
I ndi vidual sites based upon the basic equation. These estinates
appear to be plausible estimates of the cleanup benefits, The
total benefit ranges from $3.6 nmillion for the Ashland site to
$17.4 mllion for the Acton site. The benefits per household
range from$9 for Ashland to $44 for the Acton site.

The standard errors indicate substantial uncertainty
about the precise estimate of benefits, particularly for the

Woburn site. A major factor contributing to this inprecise
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Table 2. Benefit Estimates for the Basic Equation@

Benefits
. Clean Up per Oaner
Site Benef it Househo1ldP
($109) (standard error)

Act on $17.4 $44.0
(24. 6)
Ashl and 3.6 9.2
(14.7)
Wobur n 7.0 18.0
(15. 1)

Not es:

athe basic equation is reported in Appendix B. Results are in
1980 dol | ars.

Paverage benefits for suburban Boston owner househol ds.
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measurenment of the benefits is that although the data set
contains 2,182 observations, many of these observations are of
sal es which occurred far from any hazardous waste site. For
example, only 515 observations have a hazardous waste site within
four mles of the house.

The benefit estinmates vary because of differences in the
sizes of the sites and in the surrounding land use. The benefits
of cleaning up the Acton site are |arge because the site is large
(400 acres) and located near relatively densely popul ated areas
and expensive honmes. In contrast, the Ashland site is small (30
acres) and located in a predomnately rural area. Benefits for
the Woburn site clean up are internediate because although the
site is large (300 acres) and near relatively densely popul ated
suburbs, these suburbs have generally |ow house prices.

The construction of the prinmary hazardous waste variabl es
(RISK1 and RISK2) in the basic equation inplies a specific
functional formfor the relationship between the distance of the
site and the willingness to pay to renove its toxic material.

Al though the form was chosen on sensible a priori grounds and
generates plausible benefit estimates, it is useful to explore a
less restrictive formulation. To this end, we devel oped an
alternative econometric approach in which we estimated a series
of equations adding variables based on the nunber of hazardous
waste sites falling in half-nmle rings. These WASTES vari abl es
are anal ogous to the SITES variables for the total nunber of
industrial, landfill and hazardous sites. To obtain a

nonparanetric estimte of the effect of distance on the
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willingness to pay, we varied the distances at which the half-
mle rings began. Four regressions were run, with the second
ring respectively beginning at 0.125, 0.250, 0.375, and 0.5
mles. The coefficients on the WASTES variables provide a

sem paranmetric estimate of the benefits of cleaning up a site at
a given distance; for exanple, the benefit of cleaning up a site
1.5 mles away is given by the coefficient on the wastes variable
representing the ring from1.25 to 1.75 mles.

The results of the sem parametric estimation procedure are
shown in Figure 3. These results confirmthe inplication of the
basi ¢ equation that the value of cleaning up a hazardous waste
site is substantial for houses near the site. For exanple, using
the sem paranetric technique the estinmated value of clean up for
asite 0.25 mles froma house is equal to 7.2% of the houses
value. This value declines sharply with distance and becomes
negative for distances greater than one mle. The pattern of
negative estimates for houses |ocated between one and two mles
froma site suggests the site variables are picking up the effect
of omtted beneficial aspects of proximty to the sites. As
suggested above for the total SITES variables, waste sites m ght
be accessible to job concentrations or shopping areas. As a
result, the benefits estimted using the sem parametric technique
may underestimate the true value that househol ds place on
renoving toxic material.l3

To test for the inportance of the specification of the
housing price equation, we calculated estimates of cleanup
benefits for several alternative fornulations. Table 3 presents
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Tabl e 3. Sensitivity of Benefit Estinates to Alternative
Specifications 2
Model Act on Ashl and Woburn Test Results
Per Per Per b
House Totgl House Iot;gl House Tot:g;l= vs. Model F_Test
(standard (10%) (10°) (10%)
error)
(1)
Basi c $44.0 $17. 4 $9.2 3.6 $18.0 $7.0m
equati on (24. 6) (14.7) (15.1)
(2)
Del et e 35.6 13.8 1.9 0.73 22.2 8.6 (1) 0. 297 (2)
i nteraction (35.2) (6.0) (19.7)
terns
(3)
Del ete town 0.82 0.32 -42.5 -16.4 24.1 9.3 (1) 9.19* (79)
effects (173) (123) (153)
(4) |
Delete tine 47.9 18.5 3.3 1.3 21.8 8.4 (1) 6.43* (12)
effects (34.6) (16.4) (22.6)
(5)
Del ete two 44. 3 17.1 9.2 3.6 17.8 6.9 (1) 0.062 (2)
accessibility (33.7) (16.6) (22.0)

vari abl es
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Table 3

(conti nued)

Model Act on Ashl and Wobur n Test Resul ts
Per Per Per b
House Igtgl House nggl House Tot%l vs. Mbdel F Test
(standard (10°) — (10°) - -(10°) S
error)

(6)

Del ete town 14. 1 5.5 -53.0 -20.5 -1.87 7.1 (1) 7.09* (77)

effects; add (30.7) (14. 3) (23.2)

nei ghbor hood

vari abl es

(7)

Del ete town 20.9 8.1 -7.7 -3.0 10. 6 7.3 (2) 7.29* (77)

effects and (27.9) (6.0) (18.5)

i nteraction;

add nei ghbor hood

vari abl es

Not es:

Agenefits are in 1980 dollars.

bNumerator degrees of freedom in parentheses

*Rejection at

the .1% | evel.



the results. The first alternative elimnates the interaction
terms, thereby presumng that a nearby site has the same
percentage effect on house price regardl ess of house price. The
coefficients on the two hazardous waste variables have the
expected negative sign. As expected, the omssion of the
interaction terns decreases the benefits for the cleanup of Acton
and Ashland (|l ocated near high priced houses) and increases the
estimate for Wburn (low income area). Except for Ashland, the
sizes of the changes are quite nobdest.

Deleting the town effects causes a much greater change in
the housing val ue equation. The interaction terns switch signs,
inplying that the marginal percentage value of cleaning up a
waste site declines with estimated price. These changes in the
equation lead to dramatically different benefit estimates.
Estimated benefits for the Acton site fall to zero and the
benefit of cleaning up the Ashland site is negative. The figure
for the Wburn site increases. These results are consistent with
general information on the characteristics of the towns around
the sites that would cause the biased results. Wth an F
statistic of 9.2, the hypothesis that the town effects are al
zero is readily rejected at the 0.01 level. Indeed, the results
for this experinent provide clear evidence of the potential for
omtted variable bias when an inadequately specified equation is
used to estinmate the benefits of cleaning up hazardous waste
sites. Including town effects in the hedonic housing price
equation is crucial to a proper specification of the relationship

bet ween housing prices and exposure risk from hazardous wastes.
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The changes are nuch |ess dramatic when the tinme effects are
excluded from the equation, although the Ashland results do
appear to be sensitive to the change. As with the town effects,
the hypothesis that the quarter effects all equal zero can be
rejected at the 0.01 level (the F statistic is 6.4). Deleting
two of the accessibility variables (Mdel 15) produces quite
smal | changes, although they are in the expected direction. The
sem paranmetric results suggested that the clean up estinmates nay
be biased downward because distance fromthe sites my be
correlated with onmtted accessibility variables. Deleting two of
the four variables shows such a downward bias, although the
changes are nodest and not statistically significant.

The final two changes provide additional evidence of the
I nportance of incorporating town effects in the equation. The
estimates in the final two rows result fromdeleting the town
dunm es and adding two |ocal variables wdely recognized as
i nportant influence on housing price, the town property tax rate
and school quality. In the second of the two rows the
interaction terns are also deleted. Both sets of results are
i npl ausi bl e, particularly for the Ashland site. The F statistics
for the tests of the validity of these two restrictions are
highly significant (7.3 and 7.1, respectively), indicating that
we can confidently reject the hypothesis that the town effects

are all zero even when two inportant town variables are in the

equation.
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V. CONCLUSI ONS

The hedoni ¢ housing val ue approach provides a conceptually
sound approach for estimating the benefits of l|ocalized public
goods. Even where the |ocal changes are non-marginal -- as is
the case in cleaning up a hazardous waste site -- the results of
a hedoni ¢ housing price equation can be used to estimte the
w llingness to pay. Indeed, in the case of localized changes,
the benefit estimates are also estimates of the change in housing
prices when general equilibrium(i.e., noving) effects are taken
into account. This positive case for the use of the hedonic
approach has tended to be overlooked in the recent theoretica
literature, which enphasizes the difficulties in obtaining
willingness to pay estimates for area-w de, non-marginal changes.

Using this approach, we estimated the benefits of cleaning
up individual hazardous waste sites using data for the Boston
housing market. The results generated plausible estimtes of the
willingness to pay for cleaning up a site, ranging from$3.6 to
$17.4 mllion, depending upon the site. These estimted benefits
are greater when the site is larger, when there are nore close
nei ghbors, and when |ocal housing prices are higher. Qur
sem paranetric results showed that the benefits of cleanup are
very substantial for houses within one half mle of a site.

The results proved to be relatively insensitive to changes
in the specification of the hazardous waste variables, to changes

in the non-waste variables, and to the quarter dummes we used to
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control for the time of sale. But the results were extremely
sensitive to the presence of town dummies. \Wen the town
vari abl es were excluded, the results were inplausible, even when
two inmportant town-specific variables (tax rate and school
quality) were substituted. W concluded that, at least for a
highly localized public good such as proximty to hazardous waste
sites, incorporating town effects is crucial. Indeed, these
results cast sone doubt on the results of the many hedonic
housing price studies that do not include town effects.

Finally, it is useful to consider potential biases or
om ssions in using the results of this study to estimate the
benefits of cleaning up hazardous waste sites. Two factors
suggest our estinmates are underestinmates of the true wllingness
to pay to clean up a site. First, there is evidence that our
estimates mght be biased downward because sone advantages of
living near waste sites -- such as accessibility to local centers
of enploynent or commerce -- were omtted fromthe hedonic
equation.  Second, sone adverse effects of waste sites could not
be estimated with our data. In particular, we could not estinmate
the value of contamnated well water; Boston towns are served by
town wells and any adverse effects of town well water
contam nation (including the cost of mtigating actions) cannot
be disentangled from other town characteristics using our data
set. Estimating well water effects would require other data or
other techniques. 11 Nevertheless, the benefits estimates
presented in this paper provide inportant neasures of the val ue

t hat househol ds place on cleaning up hazardous waste sites.

38



APPENDI X A
DATA USED I N THE HOUSI NG VALUE EQUATI ON

Most of the enpirical results are based upon a conmon

specification of the housing value equation:

Log (PRICE) = ajs¢ +ap SITES + a3 RISKL + ay RISK2 + ag RISKL *
(Log” PRICE) + ag RISK2 * (Log"PRICE) + a, Log (SPACE) +

ag Log (LQOT) + ag Log (BATH) + ajg STORIES + a;; HEATI NG+

aj, BASEMENT + a; 5 FIREPLACE + a;, PARKING + a5 QUALITY +

ajg CONDITION + a;5 YEAR BULT + a4 ( YEAR BULT) 2 +

ayjg Log (ACCESS) + a;q Log (RAD) + ay; Log (EMP1) +

agy LOg (EMP2) + ayq Log (LSTAT) + a,, Log (NOX) + a, (CHAS)

+ Error

where a; ;. varies over sites j and the quarter of the transaction
.

The study uses data for 2,182 housing transactions in 80
towns in the Boston urban area (excluding the city of Boston)
over the period from November 1977 to March 1981. Mst of the
transactions occurred in 1979 and 1980. The housing price and
characteristic data were obtained fromthe Society of Real Estate
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Appr ai sers. Prices were put into 1980 dollars using the
definition of each variable, its expected sign, and the data
source are indicated in Table A-1.

The nost difficult and tinme-consunming data collection task
was to determine the location (latitude and |ongitude) of each
house in our data base. For approximately two-thirds of the
transactions, we used conputer readable maps developed by the
U S. Bureau of the Census, referred to as the GBF/ D M file.

Only the urban areas of the Boston Standard Metropolitan
Statistical Area (SMSA) are included in the file. Each record of
the file contains a street nane, census tract, ranges of street
nunbers (both odd and even sides), and the l|atitudes and

| ongitudes of two consecutive intersections along the street. W
wote a conputer program that identified the census tract, street
and address range on the GBF/ DIME that corresponded to the
address of the house on our SREA dat aset. Then, assuning a
linear spacing of address nunbers between the two consecutive
intersections for which the latitudes and |ongitudes were given,
we estinmated the latitude and longitude of the house. For houses
outside the urban area, we hand coded the |atitudes and

| ongi tudes wusing indexed maps, street guides, and the detailed
census tract maps for the Boston SMSA published by the Bureau of
the Census.

The data waste sites were based on infornmation conpiled by
the Massachusetts Departnent of Environnmental Quality Engineering
( DEQE) . In 1981, DEQE published information on sites storing
i ndustrial wastes. In order to develop sufficiently detailed

information to categorize the wastes as hazardous or non-
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Table A-1. Variables Used in the Housing Price Equation
Vari abl e Definition Sour ce
Dependent
PRI CE Housing price (1980 dollars) SREA
WAst e
SITES Total nunber of sites (hazardous, Author calcu-
(multiple) industrial, Tlandfill) wthin | ations and

one-half mle annuli around the Massachusetts
house starting at distances of Depar t ment  of
0, 0.5 1.0, . .. . 25 nles. Envi ronnent al
Should reflect the aesthetic Quality Engin-
disamenities of waste disposal gi neer1ng(1981)

VWASTES Number of hazardous sites within  Authors'

(multiple) one-half mle annuli around the cal cul ations
house.  Should reflect the risks
from hazardous waste sites.

Used in the sem paranetric
estimtion described in the text.

RI SK1 | nverse square of the distance Aut hor s’
fromthe house to each of the 11  cal cul ations
hazardous waste sites. ProxY
for the sub#ectlve probability
of illness from hazardous waste
exposures.  Should be negatively
related to house price.

RI SK2 | nverse square of the distance Aut hor s'
fromthe house to each of the 11  cal cul ations
hazardous waste sites weighted
by the area of the site. Should
be negatively related to house
price.

Structura

SPACE Living area (square feet). , SREA
Represents spaci ousness and, in
a certain sense, quantity of
housing. It should be positively
associ ated to price.

LOT Lot size (square feet). Should SREA

be positively related to price.
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Table A-1. (continued)

Variabl e Definition Source
BATH Number of bathroons.  Shoul d be SREA
positively related to housing
price.
STORI ES Nunber of stories of the house. SREA
May be positive or negative.
HEATI NG DunnK variables indicating . SREA
(multiple) whet her the house has forced air,
hot water, steam or other heat
source (intercept).
BASEMENT Fraction of the basenent area SREA
that is finished. Should be
positively related.
FI REPLACE Number of fireplaces. Should be  SREA
positively related to house price.
PARKI NG Covered parking (1=yes, 0=no) SREA
QUALI TY Estimated construction quality SREA
on a scale from1l (poor% to
5 (excellent). Should be posi-
tive.
CONDI TI ON Estimated current condition SREA
on a scale from1l (poor% to
5 (excellent). Should be
positive.
YEAR BUI LT Year the house was constructed. SREA

At early years, the house price
m ght be ‘increased reflecting
references for older styles.
wever, in later years, house-
hol ds m ght prefer the reduced
mai nt enance of newer units.
One expects, therefore, a non-
|'inear relationship between year
built and price.
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Table A-1. (continued)
Vari abl e Definition Sour ce
Accessibility
ACCESS Average distance from the house Aut hors' cal -
to the centers of the towns in cul ations

RAD

EMPL

EMP2

Nei ghbor hood
LSTAT

NOX

the Boston area, mei?hted by the
fraction of 1980 enploynent in
each town. Traditional theories
of urban land rent gradients
inply that housing values shoul d

be higher near enployment centers;
thus the expected sign is negative.

I ndex of accessibility to radia

hi ghways.  Should be positive.
EnPonnent in towns within three
mles of the house. Designed to

capture the localized accessi-

bility advantages that otherw se

woul d cancel out the disadvanta-

ges of proximty to waste sites.
houl d be positive.

Ratio of enployment within three
mles (EMP1) to popul ation of
towns within three mles

Proportion of population wthin
the census tract that are |ower
status. Calculated as the aver-

ages of the proportion of workers

with blue collar jobs and the
proportion of adults with at nost
a high school education. Shoul d
be negati ve.

Ni trogen oxide concentrations in
pphnl?annual average concentra-
tion in parts per hundred
mllion.
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Table A-1. (continued)

Vari abl e Definition Sour ce
Nei ghbor hood
CHAS Charles River dummy; =1 if 1980 U.S.

TAX

PTRATI O

TOMN
(multiple)

QUARTER
(mul tiple)

census tract bounds the Charles
River; 0 = if otherw se captures
the anenities of a riverside

| ocation and thus the coefficient
should be positive.

Ful | value property tax rate
($/$10, 000).  Measures the cost
of public ‘services in each com
munity. Nomnal tax rates were
corrected by |ocal assessnment
ratios to yireld the full value
tax rate for each town. |[ntra-
town differences in the assess-
nment ratio were difficult to
obtain and thus not used. The
coefficient of this variable

Is theoretically ambiguous,
depending on the efficiency of
the production of public goods.

Pupi | -teacher ratio by town
school district. Measures
public sector benefits in each
towmn. The relation of the
pupi | -teacher ratio to school
quality is not entirely clear,
al though a low ratio should

i mply each student receives
nmore individual attention. W
expect the sign on PTRATIO to
be negati ve.

Du variable for the town.
Should control for the positive
or negative unobserved charac-
teristics of each town.

Dummy variable for the quarter
of sale (fromthird quarter 1977
to first quarter 1981).  Should
control for the changes in
financing and credit conditions
over our sanple period.
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Table A-1. (continued)

Vari abl e Definition Sour ce

Not es:
SREA:  Society of Real Estate Appraisers.
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hazardous, we supplenented the published reports with examnation
of the files and detailed interviews with officials famliar wth
all the potential hazardous sites. The DEQE report classified
sites into five categories: (1) confirmed hazardous waste site,
site secured; (2) confirmed hazardous waste site, site under
I nvestigation; (3) site under evaluation; (4) no hazardous waste
present; and (5) nunicipal waste and wastewater treatnent plant.
The majority of sites fell into categories 3, 4, and 5. O the
20 sites in the Boston urban area in categories 1 and 2, we
concluded that 9 were non-hazardous after our detailed
investigation. For each of the 11 hazardous waste sites, we
collected information on the date the site was "discovered" to
have hazardous material, the nature of the wastes, and the area
of the site. In order to develop a ranking of the severity of
the hazard from each site, we consulted the criteria used in the
ranking of Superfund sites for cleanup. Al 11 sites contained
material judged to pose equal hazards under that ranking scheme.
W also collected information on industrial disposal sites
and landfills. The 41 industrial sites consisted of the nine
fromcategories 1 and 2, and thirty-two fromcategories 3 and 4.
Using information froma DEQE report, Inventory of Active and

Inactive Solid Waste Landfills, we identified 49 active
comercial or town landfills in the Boston urban area.

To calculate the distance variables that are crucial for our

study, we deternmined the location of each of the 101 waste
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di sposal sites from U S. Geol ogical Survey nmaps upon which the
DEQE had marked each site's location. The distance calcul ation

I's based on sinple plane geonetry:

D= ((SLO-HLO*51.252) 2 + (((SLA-HLA)*68.988)2) (1/2)

wher e
D = distance in mles fromhouse to site
SLO = site longitude
HLO = house | ongitude
51. 252 = mles in a degree |ongitude
SLA = site latitude
HLA = home |atitude
68.988 = mles in a degree |atitude
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APPENDI X B

ESTI MATED HOUSI NG VALUE EQUATIONS?

(3) (4) (5)

(6)

De(zl7)et €

Town Effects

Del ete and
Del ete Town Effects Interaction
. Del ete Del ete Del ete Accessi - and add add
. Basi C I nteraction Town Ti me bilit Nei ghbor hood Nei ghbor hood
Vari abl e Equati on Effects Effects  Variables  Variables Vari abl es
SI TES 0003 0.0013 0.0117 0.0019 0. 0001 0. 0052 0. 0027
(<0.5) 0172) (0.0172) (0.0185) (0.0175) (0.0172) (0.0179) (0.0179)
SI TES 0169 0.0164 0. 0100 0.0136 0.0168 0.0070 0.0100
(0.5-1.0) 0098) (0.0099) (0.0094) (0.0100) (0.0098) (0.0091) (0.0091)
SI TES 0056 0. 0054 0. 0044 0. 0054 0. 0056 0. 0005 0.0020
(1.0-1.5) 0068) (0.0068) (0.0067) (0.0069) (0.0068) (0. 0065) (0. 0065)
SI TES 0031 0. 0034 -0.0033 0.0026 0.0031 -0.0078 -0. 0082
(1.5-2.0) 0058) (0. 0058) (0. 0056) (0.0059) (0.0058) (0.0054) (0.0054)
SI TES 0037 0.0040 0. 0045 0.0053 0.0037 0.0040 0.0032
(2.0-2.5) 0050) (0. 0050) (0.0049) (0.0051) (0.0050) (0.0048) (0.0048)
SI TES 0038 -0. 0033 -0. 0035 -0. 0029 -0. 0036 -0. 0047 -0. 0060
(2.5-3.0) 0051) (0. 0050) (0.0049) (0.0051) (0. 0050) (0.0047) (0.0047)
Rl SK1 3159 -0. 0002 -1.7625 0.0031 0. 3205 -2.3043 0.0163
6908) (0.0105) (0.6729) (0.6991) (0.6894) (0.6530) (0.0108)
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APPENDI X B (conti nued)

(2)

(3)

(4)

(%)

(6)

(7

Del ete
Town Effects
Del et e and
Del ete Town Effects Interaction
. Del ete Del ete Del ete Accessi - and add add
. Basi ¢ I nteraction Town Ti ne bilit Nei ghbor hood Nei ghbor hood
Vari abl e Equat i on Terms Effects Effects  Variables Vari abl es Vari abl es
RI SK2 0. 0020 -0.0001 -0. 0044 0. 0019 0. 0020 0. 0045 -0. 0001
(0.0055) (0.0001) (0.0057) (0.0055) (0.0055) (0.0056) (0.0001)
Rl SK1x -0. 0302 0. 1688 -0. 0005 -0.0306 0.2202
(Log (0.0657) (0.0638) (0.0664) (0.0655) (0.0619)
PRICE)P
RI SK2x -0. 00019 0. 0004 -0.0002 -0. 0002 -0. 0004
&Lﬁg (0.0005) (0.0005) (0.0005) (0.0005) (0.0005)
RI CE)
SPACE 0. 3621 0. 3600 0. 3341 0.3611 0. 3622 0. 3504 0. 3539
(0.0169) (0.0166) (0.0181) (0.0171) (0.0169) (0.0176) (0.0175)
LOT 0. 0552 0. 0550 0. 0751 0. 0556 0. 0551 0. 0599 0. 0608
(0.0074) (0.0074) (0.0076) (0.0075) (0.0074) (0.0075) (0.0075)
BATH 0. 1299 0.1295 0.1221 0.1203 0.1298 0.1519 0. 1560
(0.0245) (0.0245) (0.0267) (0.0248) (0.0245) (0.0259) (0.0260)
STORI ES -0.0101 -0. 0098 -0. 0067 -0. 0073 -0.0102 -0.0111 -0. 0110
(0.0088) (0.0087) (0.0096) (0.0089) (0.0087) (0.0093) (0.0093)
HEATI NG 0. 0356 0. 0352 0. 0465 0. 0369 0. 0354 0. 0409 0. 0431
-air (0.0134) (0.0133) (0.0146) (0.0134) (0.0134) (0.0141) (0.0141)
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APPENDI X B (continued)

(2)

(3)

(4)

(%)

(6)

/)

Del ete
Town Effects
Del et e and
Del ete Town Effects Interaction,
. Del ete Del ete Del ete Accessi - and add ~add
. Basi ¢ Interaction Town Ti me bilit Nei ghbor hood Nei ghbor hood
Vari abl e Equati on Terms Effects Effects  Variables Vari abl es Vari abl es
HEATI NG 0. 0690 0. 0684 0. 0755 0. 0729 0. 0690 0. 0750 0.0767
- wat er (0.0138) (0.0138) (0.0152) (0.0138) (0.0138) (0.0147) (0.0147)
HEATI NG 0. 0265 0. 0264 0. 0503 0.0273 0. 0263 0. 0459 0. 0455
st eam (0.0179) (0.0178) (0.0196) (0.0180) (0.0179) (0.0190) (0.0190)
BASEMENT 0.5418 0. 5089 0. 4237 0.5303 0.5138 0. 0004 0. 0005
= 1000 (0.1810) (0. 1806) (0.2000) (0.1835) (0.1809) (0.0002) (0.0002)
FI REPLACE 0. 0762 0.0759 0.0878 0.0764 0.0763 0. 0821 0.0833
(0.0062) (0.0062) (0.0068) (0.0063) (0.0062) (0.0066) (0.0067)
PARKI NG 0. 0670 0. 0667 0. 0705 0. 0667 0.0671 0.0701 0.0706
(0.0088) (0.0088) (0.0097) (0.0089) (0.0088) (0.0094) (0.0094)
QUALI TY 0. 0280 0. 0279 0. 0479 0. 3602 0.0280 0. 0357 0.0363
(0.0057) (0.0057) (0.0060) (0.0057) (0.0057) (0.0059) (0.0059)
CONDI TI ON 0. 0414 0. 0413 0. 0357 0. 0386 0. 0415 0. 0394 0. 0396
(0.0043) (0.0043) (0.0048) (0.0044) (0.0043) (0.0046) (0.0046)
YEAR -0.0018 -0.0018 -0.0031 -0.0017 -0.0018 -0.0033 -0.0034
BU LT (0. 00069 (0.00069)  (0.00075)  (0.00070)  (0.00069)  (0.0007) (0.0007)
YEAR 0. 0540 0. 0539 0. 0658 0. 0537 0. 0542 0. 0001 0. 0001
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APPENDI X B (conti nued)

(2)

(3)

(4)

(5)

(6)

/)

Del et e
Town Effects
Del et e and
Del ete Town Effects Interaction,
_ Del ete Del ete Del ete Accessi - and add ad
. Basi c Interaction Town Ti me bilit Nei ghbor hood Nei ghbor hood
Vari abl e Equat i on Terms Effects Effects  Variables Variables Vari abl es
BUILT? (0.0085) (0.0085) (0.0092) (0.0086) (0.0084) (0. 0000) (0.000)
+1000
ACCESS 0. 0946 0. 0939 -0. 3071 0.1186 0.0975 - 0. 2557 -0. 2687
(0.0633) (0.0632) (0.0231) (0.0640) (0.0619) (0.0234) (0.0231)
RAD 0.2011 0.2016 0. 0471 0. 1576 0.2003 0. 0486 0. 0452
(0.1957) (0.1957) (0.0136) (0.1985) (0.1956) (0.0136) (0.0136)
EMPL -0. 0069 -0.0073 -0. 0272 -0.0039 -- 0.0170 0.0157
(0.0205) (0.0205) (0.0119) (0.0208) (0.0125) (0.0125)
EMP2 0. 0074 0. 0075 0. 0606 0. 0056 -- 0.0114 0. 0159
(0.0211) (0.0211) (0.0147) (0.0214) (0.0150) (0.0149)
LSTAT -2.2224 -2.2117 -3. 4737 -2. 2200 -2.2243 -2.9681 -3.075
(0.2254) (0.2248) (0.1968) (0.2280) (0.2244) (0. 1960) (0.1942)
NOX -9.1095 -8.8490  -14.9588 - 8. 9687 -9. 1566 -8.0363 - 8. 6889
(2.7833) (2.7267) (1.5633) (2.8149) (2.7788) (1.6399) (1.6259)
CHAS -0. 0249 -0. 0246 -0.0191  -0.0247 0. 0930 0. 0923
(0.0341) (0.0341) (0.0345) (0.0341) (0.0258) (0.0258)
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APPENDI X B (continued)

(1) (2)

(3)

(4 (5 (6 i

Del et e
Town Effects
Del et e and
Del ete Town Effects Interaction,
. Del ete Del ete Del ete Accessi - and add add
. Basi c Interaction Town Ti me bilit Nei ghbor hood Nei ghbor hood
Variabl e Equation Terns Effects Effects Variables Variables Vari abl es
TAX -0. 3012 -0.2961
(0.0294) (0.0291)
PTRATI O -0. 1265 -0. 1270
(0.0442) (0.0443)
TOMN yes yes no Yes Yes no no
QUARTER yes yes Yes no yes Yes yes
R® (adj) .80 .80 T4 .79 .80 .76 .75
Not es:

4standard errors are in parenthesis.

brhe RISK interaction terms are based on nultiplying RISKI and RISK2 by the predicted |og

price obtained using nodel

(2).

price



NOTES

See, for exanyle, Brookshire et al (1982), Harrison and
Rubi nfel d (19%3, Nelson,(19822, Quigley (1982), Sonstelie
and Portney (1980) and Wtte et al. ?19 9).

The Brown and Rosen identification problem takes different
forms, depending on whether the data set is based on
observations froma single or multiple housing markets. On
the one hand, if data froma single housing market is used,
then identification nust be obtarned fromarbitrary
assunptions about the nonlinearity of the hedonic pricing
function. On the other hand, obtaining identification by
pooling data from several housing markets has its own
difficulties: the assunption that the homeowners in al
housi ng markets have the same preference parameters becones
less credible, and the nunber of independent housing markets
must become large to ensure the statistical validity of the
Procedure. In both cases, as Bartik (1983) points out, the
wo stage approaches are subject to a basic problemof all
demand analysis: in the absence of panel data, variations
in preference paraneters across individuals cannot be
treated satisfactorily and generally wll result in
estimator bias. For nore conplete reviews of these issues
and the attenpts to resolve this identification problem see
Brown (1982) and Dianmond and Tol ey (1983).

Attenpts to surve% househol ds on their wllingness to pay
for public goods have become nore frequent in recent years.
The studies are often referred to as "contingent valuation”
studies to enphasize the hypothetical nature of the
valuation. See Brookshire et al (1982) for a careful
exampl e of the technique and Desvousges and Smth (1983) for
a recent survey.

See Harrison and Rubinfeld (1978).

This formulation is cIoseI¥ related to that used in studies
of the willingness to pay for reductions in risk in the
wor kpl ace.  Studies such as Viscusi (1979, 1983) have
rel ated objective and subjective [eveis of risk in different
jobs to wage differentials and have interpreted these
differentials as risk prema. Athough this approach has
much in conmon with our exam nation of the hedonic housing
rice equation, there are several inportant differences.
irst, the wage studies do not distinguish between health
risk reduction and aesthetic benefits of a policy. In
contrast, cleaning up a hazardous waste site could have an
aesthetic as wel|l as health benefit. Second, even if the
studi es use survey data on subjective probabilities, usually
little attention is paid to the conponents or formation of
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10.

subj ective probabilities associated with certain risks.
(Vi'scusi and O Connor (1983) are an exception: they use
experimental data in an attenpt to nmodel worker response to
different warning |abels for hazardous substances.) This
paBer takes a nore agnostic view of the formation of
subj ective probabilities, however, and the hedonic pricing
equation is allowed to depend on several attributes relate
to hazardous wastes which coul d reasonably influence

subj ective probabilities.

d

For exanple, Scotchner (1984) presents several exanples of
?eneral equil'ibrium hedonic pricing functions derived under
he assunmption that lot size is divisible.

See Polinsky and Shavell 1975%, Pol i nsky and Shavell
(1976), and Polinsky and Rubinfeld (1977). Freeman (1979)
ﬁrOV|des_a conci se summary of the theoretical models. The
ypot hesis that |ocal public goods are capitalized in
housing prices is an old one: for a recent discussion and
review, see Yinger (1982).

Pol i nsky and Shavel | (1976) derive this result using an
indirect utility function anroach. In the indirect utility
function, a household' s utility is expressed as a function
of prices at a particular location, income net of
transportation costs fromthat |ocation, and amenities at
that location. Each household has a conmon |evel of

utility, V*, which is independent of [ocation

V¢ o= V(p(k), vy - T(k), a(k))

where p is the price per unit of housing, y is incone, Tis
transportation cost, and a is the index of anmenities.
Adjustment in land rents is the mechanism by which utility
i s equalized over space. Gven an individual's incone,
transportation costs, and the |evel of anenities, there is
only one level of rent that will result in utility V*,

The sales price and housing attribute date were obtained
fromthe Society of Real Estate Appraisers.

These fornul ations may not measure the subjective
probability of exposure from drinking contam nated water
which would be related to the presence of a site near town
well's and not to distance fromthe site. Two of the sites
actually did contam nate drinking water supplies, causing
the towns to undertake expensive mtigation measures. In
theory, these expenditures -- and any residual health risks
- vwould be reflected in hpu3|n% prices. Unfortunately, it
I's not possible to distinguish the town effect due to
contam nated water supplies from other omtted variables
associated with the town. Thus we could not neasure the
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val ue that househol ds place on risks from contam nated
dr|nk|n? water or test the hypothesis that mtigation costs
are reflected in housing prices.

Initial investigation suggested that this functional form
was appropriate for our data.

Qur strategy is designed to estimate a nonlinear price
surface in which we allow the possibility of genera

equi librium effects of environmental amenities being |uxury
goods. Adding a termin which hazardous waste variables
Interact with a characteristic highly correlated with house
quality is one nmeans of allow ng Tor these general

equi librium effects. We use the house price predicted from
a prelimnary regression as our measure of quality.

~ An alternative way to view this aspect of our
estimation strategy is"as a two-step estimator applied to
t he nonlinear node

Y= (1 + %3a) Xb + U

where X2 is contained in X, a and b are paranmeter vectors,
and U is an independent error. |In the two-step

| npl enent ati on, is first estimated by setting a = 0 and
applying QOLS; then the regressor Xo(Xb) (i.e. RISKL x

(l'og PRICE) and RISK2 x (I0g PRICE)? s constructed and a
and b are re-estimated by OLS. The two-step estimtor is
consistent if all third monents of X are zero or if a = 0.
In general, however, the two-step estimator will be

I nconsistent within the framework of the nonlinear nodel.

I nconsi stency did not aPPear to be a significant problemin
our nodel since the coefficients of the non-hazardous waste
variabl es did not change appreciably between the two stages
(i.e. between equations (1f and (2) of Appendix B).

The estimates obtained fromthe sem parametric aPProach are
|ikely to be biased for two other reasons as well. The
first arises fromthe nonlinearity of the willingness to pay
as a function of distance to the site: in the plausible
case that this function is convex, then by Jensen's
inequality, the senmiparanetric estimator will be biased
upwards. ~ However, assuming a uniform |ocational .
distribution of houses, there will be in theory (and are in
our data set) a greater density of observationS near the
outside of any given annulus. As long as the willingness
topay function is decreasing with distance, this wll inpart
a negative bias to the semiparanetric estimtor.
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PART 2
USI NG THE RI SK ASSESSMENT METHOD TO ESTI MATE THE
BENEFI TS OF HAZARDOUS WASTE CLEANUP
D. W Cooper
J.A Sullivan
L. A. Beyer
A .M Fl anagan

S. Pancoast
A.D. Schatz

|. | NTRCDUCTI ON

The nodel that we have used to assess risk is made up of
essentially three conponents: (1) a source term (2) a transport
model, and (3) an exposure term First, we identify the chemca
contam nants thought to inpose risk, by type, anount, and their
source. Then, a transport nodel, such as a groundwater flow model,
I's proposed to predict the movenent and behavior of the
contam nants and to predict the exposure concentrations of the
pol lutants. Third, on the basis of our estimted concentration
levels, we predict the risk (as expected fatalities) associated
wWith exposure. In this case study, drinking of contam nated well
water is the exposure route of principal concern. The risk
estimates that we apply to the situation are drawn fromtoxico
| ogi cal studies primarily on aninals that have been performed by
experts in the field of health risk assessnent.

In this study, estimates are nade of the risk associated with
the disposal of chemcals in three lagoons on a site in Acton, MA
that is owed by the WR Gace Conmpany, a nmanufacturer of

chemcals. The goal of the work was to be part of a conparison of
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net hodol ogi es.  The information used was that available in the
sunmer of 1982 and has not been updated. The report seeks to
assess the risk of the ten years of well use fromthat information
and to extrapolate to a risk of seventy years of well use, a
strictly hypothetical case, as the wells were taken out of use in
1979. Figure 1 shows the area investigated: the figure is froma
1980 report by Col dberg, Zoino, and Associated, cited hereafter as
Gol dberg et al. (1980). W concluded that the general flow of
groundwater is fromthe primary and emergency |agoons operated by
the conpany toward the Assabet wells No. 1 and No. 2. Little or
none of the material in the vicinity of the secondary |agoon is
thought to reach the town wells. The situation is conplicated by
the punping of industrial wells that are owned by the conpany and
by other potential sources of contamnation in the study area.
These aspects are discussed in Sections |l and IV.

Risk is expressed as the number of expected fatalities from
exposure to contamnants found in the Acton wells and believed to
come from the conpany site. Sonme disagreenent exists about which
chemcals in the town wells are the responsibility of the conpany
(see Appendix C).

The fundanental, approximate, equation we use is:

F = NcR (1)

F is the nunber of deaths expected in a lifetine of 70 years. Nis
the nunber of people assumed to be using the water supply,
estimted at 20,000. The two Assabet wells supply about 40% of the

town's water. The water punped fromthese wells flows into a
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central distribution systembefore it is sent out to town
residents; here we assune conplete mxing takes place. Cis the
mean concentration of the water being consuned by town residents
over the lifetinme of any individual drinking it, based on either a
10-year period between 1970 and 1979 or a 70-year period which
represents a lifetime. Ris the risk estimate, the probability of
death in a lifetime of drinking the water per ppb (ug per liter) of
each conpound in the water. These risk estimtes are taken from
several authoritative sources; yet, for the same chemcals, the
upper and |ower estimates differ by factors from20 to 700. The
uncertainty in these risk estimtes makes it unnecessary to obtain
very accurate estimtes of nean concentration, ¢, a difficult task

In any case.
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1. BACKGROUND

As consultants to the town, the firmof Goldberg, Zoino &
Associ ates (GZA) performed hydrogeol ogi cal nodeling and
investigated past and present |and use practices within the study
area to locate the possible sources of contam nation of the Assabet
wells No. 1 and no. 2. GZA reported that in 1945 the conpany of
Dewey and Alny acquired the site to manufacture hexane-based
synthetic rubber products. Dewey and Alny initiated the use of the
primary and secondary |agoons and the landfill area for waste
di sposal. They also drew upon the Sinking Pond for industria
cooling water. the WR Gace Conmpany acquired Dewey and Alny in
1954, when we assune the type of operations being studied
comenced.

G ace has been using the primary |agoon as a settling basin
for contact process wastewater fromits chemcal plant. the
supernatant fromthe settling process in the primary |agoon was
typically punped into the secondary |agoon, where a flow of about
75,000 gallons per day of partially treated process wastewater
entered the ground (Goldberg et al., 1980). The sludge from the
primary |agoon was landfilled on the site. The emergency |agoon
recei ved wastewater overflows fromthe primry lagoon; it was al so
used when the prinmary |agoon was being dredged. None of the
| agoons were lined to prevent |eaching, although sludge deposits
woul d formon the |agoon bottons, consequently affecting seepage

rates fromthe |agoons.
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The consultants for the conmpany, Canp Dresser & MKee, Inc.
(CDM), provided information on the lagoons in their |atest report
(CDM 1982). The primary |agoon covers an area of approxi mately
24,000 square feet. The volune of standing water in the |agoon as
of fall 1980 was about one mllion gallons. No wastewater has been
di scharged to this lagoon since 1980, and in My 1982 a negligible
amount of standing water remained in the lagoon. CDM estinated the
volume of sludge at about 5000 cubic yards.

The secondary |agoon, an area of about 100,000 square feet,
had not been used since February 1980. According to CDM the total
standing water had not changed substantially since 1980; it is
estimated at 300,000 gal lons. Approximtely 5000 cubic yards of
sludge were thought to be in the secondary |agoon.

The emergency |agoon had not received wastewater since 1978.

It covered an area of 24,000 square feet. CDM estimated that the
volume of standing water in the energency |agoon was about 500

gallons.  The sludge volunme was estimted to be 1800 cubic yards.
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1. SOURCE ESTI MATI ON

Three major sources are studied: the (1) primary, (2)
emergency, and (3) secondary |agoons on the conpany site. W
sought to estimate the fraction of material emtted to the |agoons
that woul d eventually end up in the town wells. The bases of our
nmodel i ng are groundwater maps prepared by GZA (Gol dberg et al.
1980) .

The consultants for the town, GZA conducted a five-day water
qual ity sampling program between 2 August and 10 August 1979,
during which 75 locations in the aquifer were sanpled. Sanples
were collected frommultilevel wells, single-level observation
well's, surface water bodies, and wastewater [agoons. The
consultants prepared maps of the areal distributions of
contam nation for eight chemcals: 1,1 dichloroethylene,
chloroform 1,1,1 trichloroethane, trichloroethylene, methylene
chloride, toluene, ethylbenzene, and benzene (Coldberg et al.,
1980). In addition, they mapped the distribution of the sum of all
the chlorinated hydrocarbons present, both horizontally and
vertically. These maps formthe basis of our estimtes of the
emssion rates, other estimates being unavailable. The nmapped
distributions of organic conpounds detected in multilevel
installations were based on the highest observed concentration
|l evel, wusing data fromone sanpler per well. According to GZA
sanples collected at single-level wells at various depths nmay not
represent "worst-case" water quality conditions, nor typical

condi tions.
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Lacking reliable information on the amounts of the chemcals
In question emtted by the conmpany's operations, we used
concentration profiles of the aquifer developed by GZA to estinmate
emssion rates. The methodol ogy used to estinmate the amount of
each contam nant present in the aquifer is described in Appendix B.
W cal cul ated upper and |ower estimates for five chlorinated
hydrocarbons and three aromatic hydrocarbons, the conpounds of
interest in this risk assessment. Table 1 contains these source
em ssion estimates (in kilograns, kg) and the relative percentage
(by weight) of the compounds within the two classes of
hydrocarbons. W estimte that between 1200 and 12,000 kg of
chlorinated hydrocarbons are present in the plumes emanating from
the energency and primary |agoons, and between 400 and 4000 kg for
the aromatics.

Al t hough the upper estimates are inherently high, they are not
necessarily upper bounds; these values come from neasurenents that
show what is in the groundwater but not what is adsorbed onto the
surface of ground nmaterials and could be released if concentrations
in the water dimnish. [If the novement of contam nants through the
aquifer is very slow, and adsorption is negligible, these estimtes
could represent nearly the entire emssions inventory for the 1955
to 1979 period.

The estimtions of the mean concentrations over 70 years of
particul ar conpounds in the well water were obtained by nultiplying
the 25-year mass totals by 70/25 (in colums 3 and 4 of Table 1)
and then dividing themby 70 years' worth of flowinto the wells:
2000 cubic neters/day x 365 days/year x 70 years = 50 mllion cubic
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Table 1. Source Em ssion Estimations

Estimated 70-year
, mean concentration

. \iéi ght . (ppb) . of
Chem cal per cent age Veéi ght (kg) Assabet wel | water

U,oﬁgr Lower UPPer Lower
est te esti mate estl mate estimate

Chl ori nat ed

hydr ocar bons

1,1 dichloroethylene 51% 6000 600 340 34
met hyl ene chloride 30% 4000 400 220 22
chl orof orm 17% 2000 200 110 11
trichl oroethyl ene 1% 100 10 6 0.6
1,1,1 trichloroethane 1% 100 10 6 0.6

Aromatic hydrocarbons

benzene 25% 1000 100 56 5.6
et hyl benzene 42% 2000 200 112 11.2
t ol uene 33% 1000 100 56 5.6
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neters. (See Table 1.) The lower estimates in Table 1 are
generally within a factor of ten of the values that were measured
inthe wells in 1979. |f steady-state ("fast transport")
conditions obtain, one would expect the nean concentrations to
mat ch those nmeasured in the wells. Qur upper estinmates may be

hi gher than the values in the wells because: (a) steady-state has
not been reached, (b) our approximations tend to overestimte the
masses, or (c) chemcal transformation of some of the species may
have occurred. W will use the upper and |ower estimates for our

"slow transport" estimation procedure.
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| V. TRANSPORT

G oundwater in the region flows generally south toward the
Assabet River, wth the natural flow perturbed by recycling of sone
of the water by Gace and by wthdrawal of water by the Assabet
well's.  Appendi x A discusses sone of the geol ogical and
hydrol ogi cal characteristics of the Sinking Pond Aquifer, where the
Assabet wells are located. Locally, the water flows normal to the
contours of equal well height, flowing parallel to the head
gradient. Figure 2 shows the estimted contours devel oped by ZA
for the situation in which the Assabet wells and the three conpany
wells (WRG 1, WRG 2, and WRG 3) are flowing at their typical rates
(see the figure key), with the water from the conpany wells being
recharged to Sinking Pond and the secondary |agoon. Fromthe flow
contours, we have estimated a flow boundary line that separates the
flow that goes to the Assabet wells fromthat which goes to the
Assabet River (the eastern portion of the region).

Figure 3 shows the head contours for the situation that
existed before 1970, when only the company's wells were operating.
Al t hough some of the flow would go to the company's wells, this
recirculation only delayed the eventual enptying of contam nated
water into the Assabet River

As we have nentioned, Figure 2 shows the head contours and our
estimated flow division for the situation in which the conpany and

town wells are operating. W estimate that essentially all of the
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material fromthe primary and energency |agoons eventually flows
into the wells, unless it is irreversibly adsorbed or changed
chemcally during passage. W estimate that all or nearly all of
the water flowi ng beneath the landfill eventually discharges to the
Assabet River rather than to the town wells. Sone of the water
flow ng under the secondary lagoon is likely to reach the town
wel I's.  Hydrogeol ogi cal models often describe boundary regions wth
| ess accuracy than other areas, which nmeans that the flow division
in the vicinity of the secondary lagoon is particularly uncertain.
&ZA concl uded that some of the material in the secondary |agoon
m ght reach the Assabet wells. The conclusions of CDM (CDM 1980)
differed fromthose of GZA, CDM concluded that water flow ng from
the primary and energency |agoons eventually enpties into the town
well's but that the secondary |agoon waters do not. In our risk
estimation, we assume that secondary |agoon waters do not enpty
into the town wells, but rather enpty into the Assabet River, where
the material becomes sufficiently diluted so that it does not
contribute significantly to the risk. (See Section V for nore
di scussion of downstream effects.)

Figure 4, taken from Freeze and Cherry's G oundwater shows the

general behavior of contamnation in a system for which dispersion
along the direction of flowis much greater than that perpendicular
to flow, an approximation often appropriate for groundwater
modeling. A source of concentration cyis started at tine equal to
zero and injects the contamnation into a previously uncontam nated
region. ¢y is the ratio of the nmass rate of emssions to the
volune flow rate of water containing the emssions. At any

position downstream the concentration, initially at zero, wll
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increase to ¢y, assumng no destruction of the chemcal. There is
a delay tinme that is characterized by the water's nean velocity
divided into distance fromthe source. At any time, the
rel ationship between concentration and distance is shown, wth
concentrations of cy until the vicinity of the break through zone,
at a distance that is approximately the velocity multiplied by the
time since the source was turned on. If the source were to cease,
then these curves would have a trailing edge quite simlar to the
| eadi ng edge, giving a pul se shape broader at its base than at its
top, but having the sane total mass as the original input.

If no interaction occurs between the contam nant and the
medi um through which the groundwater is flowi ng, the characteristic
velocity is sinply the mean flow velocity, which is approximtely

equal to:
v = (k/n) (dh/dx) (2)

where k is conductivity (in length per tinme), (dh/dx) is the change
of head per unit distance (length per length), and n is porosity.
Hydraul i ¢ conductivities in the vicinity of Assabet wells No. 1,

No. 2, and WRG 1 are, respectively: 150 ft/day, 110 ft/day, and 85
ft/day (Goldberg et al., 1980). The typical head gradient is 0.004
(Gol dberg et al., 1980). Porosity averages around 0.25 to 0.40 for
gravel and 0.25 to 0.50 for sand (Freeze and Cherry, 1979); we
believe n is approximtely 0.35  The above val ues produce
estimates of 1 to 2 ft per day for nean flow velocities. The
energency lagoon is about 2800 ft fromthe Assabet well No. 2,

nmeaning a travel time of about 4 to 8 years. The secondary |agoon
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I's about 4300 ft fromthe Assabet well No. 1, resulting in a
transport time estimate of 7 to 12 years.

The mean transport time estinmates suggest that contam nants
fromthe primary and energency |agoon would have reached the
Assabet wells in nearly full strength within the ten years the
wel |'s were operating.

Al'so inportant, however, is the effect of interactions between
the chemcals and the material through which the groundwater flows.
Figure 5 (Freeze and Cherry, 1979) shows the retardation of the
velocity of contam nant novenent that can result from such
interactions; this behavior is analogous to that of a
chromat ograph, which uses interactive effects to separate chem cal
conmpounds.  The contam nant velocity is generally between two
val ues, v/(1+4Kg) and v/(1+10Kg), where Kq (the "distribution
coefficient") ranges fromO to 1000 mlliliters per gram (nL per
g); values of Kd much larger than 1 nL per g make the chem ca
al nost i mobi | e.

A decrease in concentration with distance fromthe source can
be due not only to dispersion and retardation, but also to chemca
transformation. For reactions having rates proportional to the
concentration of the contam nant, one expects a decrease during
travel of approximately exp(-kt), where t is time and k is the

reaction rate:
de/dt = -kc (3)

The exact treatnent of this conplex behavior is beyond the scope of
this report. We assume that no chem cal destruction of the

contam nants takes place.
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Figure 6 shows schematically the behavior of the contam nants
at the town wells, under two different transport nodels: slow and
fast. Concentrations in 1979 are assumed known (although actually
a range of concentration values were obtained). Under our fast
transport nodel that assumes 1979 concentrations represent
equi librium concentrations, we estimated the mean concentration of
each compound to be half of the maxinum concentration neasured in
1979. Since the |owest concentration values were typically too
small to be detected, virtually zero, this choice of half the
maxi mum corresponds to use of the md-range as the statistic to
characterize the nean concentration (unknown). |f the distribution
of concentrations had a standard deviation nuch smaller than the
mean, the md-range would tend to underestimate the nean, if based
on a few neasurements (<10). If the distribution has a standard
deviation that is large conpared with the nean and if many
neasurenents (>10) were made, then the md-range would be expected
to over-estimate the mean. Two underlying assunptions of the fast
transport model are: (1) the 1979 concentrations existed fromthe
time the well was first used (probably an overestimte), and (2)
the 1979 concentrations represented nmaxi mum concentration |evels at
the wells over their period of use.

Table 2 shows concentration values neasured in the town wells
and at several other locations by GZA (Gardner and Ayres, 1980).

If a transport time estimate of 5 years is correct, then the
concentrations in the wells in 1979 are about what one woul d expect
to continue for the life of the conpany plants. In this case, a
"fast transport" estimate of risk is made by assumng that these
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Tabl e 2. Maxi num Concentrations of Organic Chem cals Found at Sel ected Locations

Conpound of Concentration in ppb Detected at:

ntrest Town Wells I ndustrial Wells Waste Water Si nki ng Ri ver

Lagoons Pond
1 2 1 2 3 Primary Secondary

1, 1-di chl or oet hyl ene 1-10 56 1-10 - 62 4900 1300 1-10 -
Benzene - 1-10 - - 1-10 - - - -
Met hyl ene Chl ori de 1-10 1-10 - - 180 800 720 - 36
Tol uene - 1-10 21 - - - - - -
Trichl or oet hyl ene 1-10 - - - - 4500 1900 >1 23
1,1, 1-trichl oroet hane 1-10 - - >1 - - - - -
Chl orof orm - 21 - >1 58 220 76 - -
Et hyl benzene 1-10 1-10 - - - 15000 14000 - -

Chl or obenzene - 1-10 - - - - - _ _




concentrations continue for 70 years. If the conpany's operations
di m ni shed or ceased within 70 years, less material than we
expected woul d reach the Acton popul ation; the opposite would be
true if operations expanded.

As Figure 6 also shows, if the transport is relatively slow,
the concentrations in 1979 could be nuch less than those reached
later. As we have noted, the mass froman input pulse of a
chemcal that is not irreversibly adsorbed nor destroyed shoul d
eventual |y pass through the flow system Qur slow transport nodel
assumes that a 1979 concentration is part of an increasing
concentration pattern. As mentioned in section IIl, our "slow
transport” estimtes of concentrations in well water are derived by
taking the total mass we expect to be emtted (of each species)

over 70 years and dividing it by the total well flow for the 70

years.
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